As the concrete material is eliminated from the locations situated around the middle of the cross-sections of bubble decks (BDs), the BD type slabs are lighter than the traditional slabs. In the recent researches, the response modification factor (RMF) is generally determined for the reinforced concrete (RC) structures with the moment-resisting frame (MRF) and dual systems. The dual system comprise mainly the MRF with shear wall (MRFSW), as well as the flat slab having chiefly the BD system. In this paper, the evaluation of values of the RMF of RC structures using BD system are submitted. The obtained results indicate that the lateral strengths of buildings increase by increasing the span length to story height ratio (L/H). Besides, the variations of the span length and the number of the story have more effects than the variation of the usage category buildings on the RMF of structures. Furthermore, the span length has more effect than the number of stories in determining RMF in an MRF. Finally, amongst the building with dual system structures including MRFSW, the low-rise building structures have an RMF equal to 5, and both the mid-rise and high-rise building structures have an RMF of 7.
Introduction
Today, the usage of innovative structural systems has been augmented. As an example of these structures, Bubble Deck (BD) system can be noted. The behavior of this type of structural system is like the behavior of a lightweight two-way slab. The plastic spherical hollow cores (PSHCs) are used in the BD system instead of the concrete. These PSHCs are mainly used in the central zone of the cross sections around the mid-span of the slabs, where the shear stress is relatively small in comparison with the supports. PSHCs creates hollow spaces in the slab. In the BDs, the recycled plastic made spheres are used to create the air voids and provide the strength through the arch action. The BD slabs have three-dimensional voids inside them with an arrangement in two horizontal directions that decrease the slabs' self-weights. The bubble diameter to the slab thickness ratio affects the BD slabs' behavior (see Figure 1 ).
In the middle of spans where the Plastic balls are located, the design is controlled by flexural and direct shear stresses. While in the supports, the solid deck (without PSHC) is used and the design is controlled by the punching shear stress. The shear reinforcements may be used to prevent the slab from shear failure (if required) (see Figure 2 ).
The most important advantage of using BD system is the reduction in the concrete and steel quantities required for the construction of the building. This reduction affects both the slabs and the whole structure's weights, which reduces the earthquake forces and the cost of construction. Reduction in working time and costs, increase in the span lengths, reduction in the number of columns, improving the architectural plans and drawings as well as providing more spaces can be pointed out as further advantages of using BD system.
The shear strength of the BD slabs has been studied by some researchers. Aldejohann and SchnellenbachHeld [1] as well as Schnellenbach-Held and Pfeffer [2] have experimental tested the shear strength of BDs, investigated the effect of the voids on the punching shear. Chung et al. [3] have investigated the shear strength of the hollow slab using the donut type hollow sphere. The results of this investigation showed that the material and shape of hollow spheres affect the shear strength of the slabs. Bindea et al. [4] have investigated the shear strength of BD and proposed a formula for controlling the shear strength for this type of slabs. Bindea et al. [5] also performed the experimental tests to find the shear strength of DB slabs. Their obtained results showed that for the studied BD slabs the ultimate shear force was around 97% of those of solid slabs with the same thicknesses.
The punching shear and flexural capacities of the BD system were theoretically studied by some researchers such as Schmidt et al. (1993) [6] , Schnellenbach-Held and Pfeffer [2] , Schnellenbach-Held et al. [7, 8] and Gudmand-Hoyer [9] . Based on the performed bending tests, the BD slabs have greater ultimate flexural strengths compared to the values that theoretically are considered for solid slabs. They also observed that the effective value of the shear strength of a BD slab was at least about 70% of the shear strength of a solid slab with the same thickness. Lai [10] has analyzed the behavior of the BD slabs and recommended that the BD slabs be used in the lightweight bridge decks. An experimental program referring the concrete slabs with spherical voids for a full-scale test has been presented by Calin and Asavoaie [11] . They examined the deformation, cracking and failing characteristics of slabs subjected to static gravitational loadings. Teja et al. [12] discussed various properties of BD slab based on the various studies done abroad. The results of this research indicates that the flexural strengths of the BD slabs are about 6% less compared to the flexural strength in the solid slabs. The deflections of BD slabs are about 6% greater than the deflections of the same size solid slabs, despite the fact that the stiffnesses are reduced due to the hollow parts' effect of these types of slabs. Based on their investigations, the shear strengths of BD slabs are about 60% of the shear strength of the solid slabs with the same thicknesses.
However, the required shear strength can be achieved by providing transverse reinforcement. The weight reduction was about 35% compared to a solid slab. Based on an experimental works carried out in laboratories, Terec and Terec [13] have stated that, with the same quantities of used concrete and reinforcement in a solid slab, the BD configuration and performance allow obtaining an improved flexural ultimate strength and stiffness while the shear strength of the BD slabs are reduced to about 70% of shear strength of a solid slab, realizing 30-50% concrete economy, in comparison with the solid slab. Churakov [14] has studied the different types of hollow slabs. Dowell and Smith [15] , Olsen [16] , Calin and Asavoaie [17] , Gajen [18] have studied the BD slabs and compared the design regulations, stiffness, deformation and shear strength of the BD slabs to those of solid decks carried out by numerical modeling or the experimental tests. Some other novel techniques have been applied to improve the two-way slabs' strength. Behzard et al. [19] carried out an experimental program to investigate the effectiveness of a novel Near Surface Mounted (NSM) technique using innovative Manually Made CFRP Rods (MMRs) and Manually Made CFRP Strips (MMSs) for flexural strengthening of RC two-way slabs with low clear cover thickness. Four full-scale RC slabs were tested under monotonic four-point bending. The behavior of slabs strengthened with this technique was compared to the behavior of the slab strengthened with GFRP rods. The test results confirmed the feasibility and efficacy of this technique in improving the flexural behavior of RC two-way slabs. Li et al. [20] proposed a novel tuned rolling mass damper, embedded in voided biaxial RC slabs, to act as an ensemble passive damping device mitigating structural response. The promising control efficacy obtained from the analysis confirmed the potential application of their proposed control device.
In general, the BD slabs behave like the flat slabs. Consequently, the RC structures constructed with BD slabs allow a significant reduction in heights of stories and a great flexibility in architectural plan design, compared to the conventional MRF structures. Their casting works are simple, while, offering superior constructability. The existing design codes of practices [21, 22] allow the flat slabs to be used in the low to moderate seismic risk zones as a lateral force-resisting structural member. The flat slabs are normally used together with the lateral force-resisting structural members like shear walls or MRF structures [23] .
Mohammad et al. [24] studied two 3-D RC framed structures designed according to ACI-318-14 and IS 2800-14 codes, employing linear response history analysis (LRHA) and also nonlinear response history analysis (NRHA) under an ensemble of 11 near-fault ground motions. The obtained results reveal that the design spectrum of IS 2800-14 is incompatible with near-fault spectra and underestimates demands in the long periods range. They also found that the implementation of LRHA using RMF and deflection amplification factor leads to insufficient inter-story drift ratios. Akbarzadeh Bengar and Mohammadalipour Aski [25] studied the influence of an increase in building height on the seismic nonlinear behavior of dual structural systems in the form of RC frames accompanied with RC coupled shear walls once with concrete, and then with steel coupling beam by modeling the 7-, 14-, and 21-story buildings containing RC coupled wall systems with concrete and steel coupling beams under the pushover analysis with different load patterns. Some seismic parameters, such as ductility factor, RMF due to ductility, over-strength factor, RMF (R), and displacement amplification factor (Cd) were studied. The obtained results indicate that the RMF values for the mentioned structural system are higher than the values used in codes of practice for seismic-resistant design of buildings. In addition, the displacement amplification factor and the RMF increase as the structure height decreases and the values of these factors in steel coupling beam structures are higher than those of concrete coupling beams are. Hashemi et al. [26] studied the ductility of RC structures constructed by Bubble Deck system. The existing studies carried out on the BDs, principally in the small-scale slab models, have been concentrated chiefly on the shear, flexural, and punching shear ultimate strengths and the lateral strength and the seismic behavior of the RC structures with BDs have not been studied adequately, moreover the structural codes of practice have not proposed clear regulations for determining the RMF for these type of structures [27, 28] . In many texts, RMF is called R factor. Therefore, further studies and investigations are necessary for the valuation of the seismic response of full-scale RC structures constructed with BDs. As a result, the results of investigations performed on RMF (R) of the moment resisting frame (MRF) with BD slabs along with the influences of the span length to story height ratio (L/H) as well as the number of stories are submitted in this paper. Along with the MRFs, the dual systems including the combination of MRF and shear wall (MRFSW) have been also evaluated (see Figure 3 ).
In this research, the nonlinear static analysis is applied to determine the RMF. This type of analysis approach is selected because it is fast and has acceptable accuracy in the analysis of the structures with short natural periods [29] . This method of analysis simulates the behavior of the structures numerically by computing the strength and the related deformation taking into account the design earthquake specifications. In this method, the static lateral load is gradually applied to the structure and is increased until the displacement of control point reaches a target quantity [30] .
Basis of the research

The method applied to compute the RMF
It is observed that in the case of strong earthquakes, most of the structures have nonlinear behavior.
Similar to the linear responses, the nonlinear responses are also controllable. In the other words, the length of the horizontal plateau of the base shear-displacement curve, when some methods are used is significantly increased. By applying some specific measures, taken in the design process of hinge composition, the horizontal plateau of the pushover curve, starting with the formation of the first plastic hinge and continuing up to the collapse mechanism, can be enhanced. This means that some measures can be taken somehow that the initial plastic hinge remains safe during the formation of the next plastic hinge and is not crashed; this is the main philosophical point of the seismic design of the structures. As illustrated in Figure 4 , the overall response of a structure with one degree of freedom is depicted in the form of base shear-horizontal displacement curve. The response curves of the actual and bilinear idealized responses are shown in this figure. The vertical and horizontal axes show the base shear and the relative lateral displacement of the roof, respectively [26] .
Since the inelastic analysis and design of structures is complex and time-consuming, most of the regulations with some conditions, replace the elastic analysis instead of inelastic analysis, and they use RMF (R) to determine the design resistance that it reduces the elastic force to design force. The overstrength of the designed structures and also their ability to dissipate the energy imposed by an earthquake (ductility) are two important factors related to RMF [31] .
According to FEMA-450 [32] regulations, the remaining strength between the actual level of structure yield (V y ) and level of design force (V s ), in LRFD method, is expressed in overstrength factor (Ω 0 ). This factor is determined by Equation (1) and by the type of structural system. It depends on these parameters: system overstrength factor (Ω S ), material over strength factor (Ω M ) and design over strength factor (Ω D ).
The base shear V s is used in the LRFD design method that indicates the forming of the first plastic hinge in structure. Members enter into the plastic area with a further increase of lateral force. The RMF of the structure is obtained from the product of ductility reduction factor (R µ ) and overstrength factor (Ω 0 ) through Equation (2) . More details about the parameters are given in Figure 4 .
The method employed to model the RC columns
One of the approaches to model the nonlinear responses of the RC structural members is to assign the response of plastic hinges taking into account their specified lengths to their locations, which most probably demonstrates a nonlinear static response and nonlinear behavior for the structural member.
There are different types of hinges, but from the modeling point of view, they are classified into two leading categories as described below [26] : 1-The hinges, which consider the entire cross-section of the components as the points with characteristic geometry and material [26] .
2-The hinges, which divide the cross-section of the components into smaller sub-components. Each of them has a length equal to the length of the hinge and an individual nonlinear loading and a response. The overall response of the component is determined according to the responses of the sub-component series. Each fiber could only undergo the longitudinal stress. Therefore, by means of these hinges, only the nonlinear responses of the components under the axial load and bending moment can be investigated. The force exerted to each fiber is the sum of the stresses times their allocated surface area on the main cross-section. Actually, each fiber acts as a rod under the axial load. This type of modeling is known as fiber or layer theory or sometimes with other similar names [26] .
The fiber theory taking into account the combination of concrete and steel behaviors along with the fiber plastic hinges are employed in this research (see Figure 5 ) [33] [34] . The different test results to determine the plastic hinge length (L p ) show major scattering because of that there are major differences in the different existing proposed methods. Different equations are proposed by researchers to calculate the plastic hinge lengths [35] . Figure 6 illustrates a comparison between the different existing models to determine the plastic hinge lengths. In Figure 6 , H and h represent the height and width of the crosssection of the column, respectively. Equation 3 proposed by the Paulay and Priestley [36] is used in modeling of the structures in this paper.
Where L p (in mm) represents the plastic hinge length, L (in mm) represents the column length, d b (in mm) represents the diameter of longitudinal reinforcement and f y (in MPa) represents the yield strength of the reinforcement.
The method employed to model the BD slabs
A couple of methods exist to model the nonlinear behavior of RC slabs [23, [37] [38] . In this research, the equivalent nonlinear shell layered element is employed to model the sections of the slab in the numerical simulation. As shown in Figure 7 , in this type of element, the slab cross-sections are divided into some layers. The thickness of each concrete layer in the element of the model is considered to be equal to the area of the existing concrete area in the prototype one [26] .
The stress-strain models applied to reinforcement and concrete
In this paper, a three-phased stress-strain model is used to simulate the behavior of the reinforcements.
Linear elastic, perfectly plastic region (plateau), and strain hardening phases are considered in this model (see Figure 8a ) [39] . The well-known constitutive law of Mander et al. [40] for confined and unconfined concretes is used in this research (see Figure 8b) . The reason why this constitutive law has been used in this research is because of its validity that has been confirmed by Sadeghi [41] [42] [43] [44] 
The applied numerical modeling
In the current research, the same structures and modeling of 36 buildings considered in another paper published by the authors on ductility evaluation [26] requirements and sound irrational [26] .
In the design process of the structures, it was assumed that all the models are located in a very high seismic risk zone and the peak ground acceleration of the design base earthquake was 0.35 times the gravitational acceleration. In addition, they were designed, based on ACI 318-14 [21] with compressive strength and elasticity modulus of concrete equal to 25 MPa, 24222 MPa, respectively. The yield stress of 400 MPa was considered for longitudinal reinforcements, and 340 MPa for transverse reinforcements, in both slabs and columns. In the design process of structures, four types of the deck were used and all types of decks were selected based on the span length to story height ratio (L/H) and the lateral resisting systems (see Table2) [26] .
Circular section columns with confinement reinforcements of spiral type and concrete covers equal to 45 mm were selected. Columns of each structure were designed in three types: corner, exterior, and middle columns with the different diameters for different stories, as presented in Tables 3-7 [26] .
Modeling verification
Due to the issues of numerical nonlinear modeling, SAP2000 software is used to model, design and analyze the structures [39] . To verify the modeling method, the experimental work of Ibrahim et al.
[46], performed on a BD, pushed with five concentrate loads, is selected and used in this paper. After loading on slabs with specified dimensions shown in Figures 9 and 10 , pushover curve is drawn for a point located in the middle of slab span. Experimental test specifications of slabs are given in Table 8 . [26] The obtained results from the proposed numerical simulation method are compared with the experimental test results and are illustrated in Figure 11 . As this comparison demonstrates, there is a good agreement between the responses of the proposed simulation method and the experimental test for the strength as well as for stiffness. Due to the good speed of analysis compared to the speed of the finite element microscopic model analysis, the proposed modeling method is recommended to be employed in the evaluation of the response of structures having several spans and stories.
Seismic responses
In order to assess the seismic behavior of structures, first the modeling and then the nonlinear static analysis were performed. The obtained responses for the different structural conditions were found, and finally, the seismic parameters were computed after idealization of the responses.
Low-rise building structures (4-story structures)
Figures 12 and 13 illustrates the pushover curves of the 4-story models. As it can be seen from these figures, by increasing the value of the span length to story height ratio (L/H) the structural strength increases. Note that by increasing the L/H ratio, stronger columns and walls are required. Due to this reason the lateral strength and stiffness increase. The analysis of seismic parameters has been carried out for all of the 4-story models. RMFs (R) were calculated by idealizing pushover curves. The parameters of R µ , Ω 0 , and R, are presented in Table 9 .
The usage category application was imposed by applying different live loads, which leads to build dissimilar models with different specifications. The variations of RMF in function of live load and also the L/H values are illustrated in Figure 14 . As demonstrated in Figure 14 , the span length variations have more effect than the live load variations in the RMF values, moreover, the average values of the various usage categories can be considered in the seismic loading cases.
Note that, to emphasize on the changes in parameters, in Figure 14 , the common parts of the models' names have been deleted (as an example, in 4...1.5, the emphasis is on 4 and 1.5).
As Figure 14 and Table 9 specify, that RMF variation in various L/H ratios in MRF structures is more than in MRFSW. This is due to more participation of columns in lateral load resisting in MRF, while in MRFSW model; shear walls have a more important role.
Mid-rise building structures (8-story structures)
The pushover curves for the 8-story models are submitted in Figures 15 and 16 . As indicated in these figures, by increasing the L/H ratio the structural strength increases. Note that, there is a similar manner for the 4-story structures. By increasing L/H ratio in the design process, stronger columns and walls are required to be provided. Due to this reason, the lateral strength and stiffness are increased (Tables 5-6 ).
The seismic parameters were analyzed for all the 8-story models, then the RMF (R) were computed by the idealization of the pushover curves. These parameters of R µ , Ω 0 , and R are presented in Table10.
Variations of RMF in function of live load and L/H variations are illustrated in Figure 17 . Note that, to emphasize on the changes in parameters, in this figure, the common parts of the models' names have been deleted (as an example, in 8...1.5, the emphasis is on 8 and 1.5). As indicated in Figure 17 , the live load variations have more effect on the RMF of structures than the span length variations, and the average values of the various usage categories can be considered in seismic parameters. As Table10 and Figure 17 indicate, and also as mentioned for the 4-story models, the RMF variations for various L/H ratios in MRF structures are more than in MRFSW structures. In addition, L/H has more effect than the number of stories in determining RMF in MRF models. While in MRFSW models, the number of stories has more effect on RMF.
High-rise building structures (12-story structures)
The pushover curves for the12-story structural models are prepared similar to the other models and presented in Figure 18 . In a similar clarification given for the other structural models, as it can be seen from Figure 18 , by increasing the value of the span length to story height ratio (L/H) the structural strength increases. Note that by increasing the L/H ratio, stronger columns and walls are required. Due to this reason, the lateral strength and stiffness are increased ( Table 7) . The seismic parameters were analyzed for all the 12-story models, then the RMF (R) were computed by the idealization of the pushover curves. These parameters of R µ , Ω 0 , and R are presented in Table11.
As indicated in Figure 17 , the span length variations have more effect on the RMF of structures than the live load variations, and the average values of the various usage categories can be considered in seismic parameters. As Table11 and Figure 19 illustrate, and as mentioned in other structures, it is shown that the variations in the number of stories affect more significantly on the RMF in MRFSW models.
Comparison of RMF structures
As stated before, the span length variations have more effect compared to the usage category variations on the RMF of the structures. Figure 20 shows the variations of RMF in administrative usage in function of the number of stories. RMFs were analyzed for all the models studied in this paper. According to the values specified in Tables 9-11 , the average values of seismic parameter R is given in Table12 for various building categories.
It can be seen that the span length has more effect than the number of stories in determining RMF in MRF, while in the MRFSW models; the number of the story has more effect on RMF. Hence, to determine the RMF of MRF structures, as a conservative approach, for the structures with the L/H ratio of 1.5, RMF of 7, and for larger ratios the RMF of 4, are recommended. And also to determine the RMF values for MRFSW structures, as a conservative approach, for 4-story structures (as representative of low-rise building structures), the RMF of 5, and for the 8 and 12-story structures as representative of mid-rise and high-rise building structures, the RMF of 7 are recommended. -The lateral strength of the structure increases by increasing the span length to story height ratio (L/H).
Conclusions
-The span length and number of story variations have more effects than the structure's usage category variation on the RMF of structures. Also, span length has more effect than the number of stories in determining RMF in an MRF; while in MRFSW case, the number of stories variation has more effect on the RMF.
-For the case of MRFSW structures, the RMF of 5 is proposed for 4-story structures as representative of the low-rise building structures, and the RMF of 7 is proposed to be considered for 8-and 12- Table 1 . Specifications of models and the used abbreviated names Table 2 . Thicknesses of the deck in models Table 3 . Diameters of columns for different stories of the 4-story MRFSW models (cm) Table 9 . Seismic parameters of the 4-story models Table 10 . Seismic parameters of the 8-story models Table 11 . Seismic parameters of the 12-story models Table 9 . Seismic parameters of the 4-story models [35] Figur7. The scheme of the equivalent nonlinear shell layered elements used in the modeling of BDs [26] (a) Stress-strain model for reinforcements (b) Stress-strain models for concrete 
